Abstract Flow cytometry provides a rapid and highcontent multiparameter analysis of individual microorganisms within a population. In the past years, several fluorescent stains were developed in order to monitor DNA content distribution and cell-cycle phases, mainly in eukaryotic cells. Recently, due to its low detection limits, several of these fluorescent stains were also applied to prokaryotic cells. In this study, the ability of a novel far-red fluorescent stain DRAQ5 in assessing intracellular DNA content distribution in Escherichia coli DH5α was evaluated. The results showed that a DRAQ5-labelled live E. coli suspension can be obtained by incubation of 1×10 6 cells/ mL with 5 µM DRAQ5 in PBS buffer supplemented with EDTA (pH=7.4) during 30 min at 37°C. Flow cytometric analysis of fixed E. coli cells revealed that ethanol should be used in detriment of glutaraldehyde for DRAQ5 labelling. After the analysis of RNase and DNase digested samples, DRAQ5 was proven to be a specific DNA labelling stain. The present study demonstrates that the use of DRAQ5 as a DNA-labelling stain provides an easy assessment of intracellular DNA content and cell-cycle phases in Gram-negative bacteria such as E. coli.
Introduction
In recent years, the application of flow cytometry to prokaryotic cells has gained more relevance [1, 2] . Although bacteria are relatively difficult to analyze and differentiate by flow cytometry (FCM) owing mostly to their small cell size and similar morphology, this technique has evolved towards a high-throughput capacity of single cell analysis of bacterial populations [3] . This analysis enables the measurement of the distribution of a property or properties within the bacterial population such as DNA and RNA content [4] and bacterial viability [5] , which is very helpful in assessing the heterogeneity of the bacterial population.
One of the reasons for heterogeneous bacterial populations results from cell-cycle differences [6] . In bacterial cells, new rounds of chromosomal DNA replication may be initiated before a previous round has been completed. Thus, heterogeneity of DNA content will be larger in prokaryotes when compared with eukaryotes [7] . So, the ability to identify cell cycle position through DNA content analysis is fundamental in applications such as bioprocess monitoring [8] and antimicrobial susceptibility testing [9] .
Since the first assays of DNA content in intact cells in order to assess cell cycle phases, a growing number of DNA-binding fluorochromes was made available. Conventionally, propidium iodide or ethidium bromide are used to identify intracellular DNA content. However, cells need to be fixed and RNase digested [8, 10] which results in more laborious protocols. Furthermore, RNase digestion can lead to leakage of intracellular material. Another usual method of DNA-labelling involves the use of bisbenzimide dyes such as Hoechst 33258 and Hoechst 33342 [11, 12] that fluoresce bright blue upon binding to DNA, but both require UV excitation. A newly developed far-red cell-permeant high affinity DNA-labelling dye, DRAQ5 (deep red-fluorescing bisalkylaminoanthraquinone number five), has gained popularity in multiparametric flow cytometry, due to the absence of spectral overlap with commonly used fluorescent stains such as FITC or GFP [13] .
DRAQ5 has been mostly used in eukaryotes [14] [15] [16] with very few reports in prokaryotes. Herrero et al. (2006) and Quirós et al. (2007) reported the use of DRAQ5 for total cell count of yeast and Gram-positive bacteria involved in cider fermentation processes. However, the use and properties of this novel fluorescent stain have not yet been exploited in Gram-negative bacteria.
The aim of this study is to describe the ability of DRAQ5 to stain the DNA of Gram-negative bacteria, using Escherichia coli as a model. The possibility of using such stain for the analysis of bacterial cell-cycle is also discussed.
Experimental

Host strain and culture conditions
Escherichia coli DH5 alpha cells were grown in 250 mL shake flasks containing 62.5 mL of semi-defined media [17] in a orbital shaker at 37°C at 250 rpm.
Cell fixation
Cells were harvested by centrifugation at 10000 x g for 10 min at 4°C. Cells were washed once in 0.1 M Tris, 2 mM MgCl 2 buffer (pH 7.4). Ethanol fixation: The cell pellet was resuspended in 300 μL of ice-cold sterile distilled water. A 700 μL volume of ice-cold absolute ethanol was rapidly added, and the suspension was mixed by vigorous pipetting to prevent cell clumping. The sample was then incubated at 4°C for 30 min for fixation. Fixed samples were analysed immediately or stored at −20°C until they were stained and analyzed on the flow cytometer. Glutaraldehyde fixation: The cell pellet was resuspended in 400 μL of ice-cold sterile distilled water. A 600 μL volume of ice-cold 5% glutaraldehyde was rapidly added, and the suspension was mixed by vigorous pipetting to prevent cell clumping. The sample was then incubated at 4°C for 30 min for fixation. Fixed samples were washed once again in 0.1 M Tris, 2 mM MgCl 2 buffer (pH 7.4), immediately stained with DRAQ5 and analyzed on the flow cytometer.
DNase and RNase treatments
Ethanol-fixed cells at a concentration of approximately 1×10 6 cells/mL (1 mL) were pelleted by centrifugation at 10000 x g for 10 min at 4°C and ressuspended in one volume (1 mL) of DNase I 1 mg/mL final concentration in 0.1 M Tris, 5 mM MgCl 2 and 0.1 M NaCl buffer (pH 7.4) [8] . For RNase treatment, cells were firstly incubated with lysozyme 1.67 mg/mL final concentration, for 2 h at room temperature with shaking. After lysozyme treatment, cells were washed twice in 0.1 M Tris, 2 mM MgCl 2 buffer and incubated with 1.25 mg/mL RNase A in 0.1 M Tris, 5 mM MgCl 2 and 0.1 M NaCl buffer (pH 7.4) [18] . Cell suspensions were digested with DNase for 1 h at 37°C [8] and afterwards with RNase for 3 h at room temperature [18] , pelleted by centrifugation at 18,000 × g for 10 min at 4°C and ressuspended in 0.1 M Tris, 2 mM MgCl 2 buffer (pH 7.4).
Sample preparation for flow cytometry
Live cells: In order to obtain the most suitable DRAQ5 incubation time, 1x10 6 E. coli cells were incubated with 5 µM DRAQ5 at 37°C for several time periods ranging from 15 to 120 min, in the dark, and washed once in PBS buffer (pH 7.4) before flow cytometric analysis. In order to obtain a maximum of stained cells, 1×10 6 cells/mL were incubated with serial concentrations of DRAQ5, ranging from 1 to 10 µM in PBS supplemented with 4 mM EDTA (pH 7.4). After the washing step, a sample of each suspension was collected for viability assessment by conventional dilution plating.
Fixed cells: In order to obtain an optimal concentration of dye, 1×10 6 cells/mL were incubated with serial concentrations of DRAQ5, ranging from 1 to 10 µM in 0.1 M Tris, 2 mM MgCl 2 buffer (pH 7.4). Cells were incubated at 37°C for 30 min in the dark and washed once in the same buffer before flow cytometric analysis.
Number of replication origins
To determine the number of replication origins in each cell at a given fermentation time, rifampicin 300 mg/mL plus cephalexin 10 mg/mL were added to cells collected from fermentation. Samples were incubated at 37°C for 2 h to allow all replication forks to run to completion. After the incubation period, cells were washed twice and ethanolfixed, as previously described. DNA content of the cells was determined by flow cytometry as described above using the optimal DRAQ5 concentration. The number of chromosome equivalents per cell showed the number of replication origins that were present at the time of drug addition.
Flow cytometry DRAQ5 (Biostatus Limited, Leicestershire, U.K.) stock solution (5 mM) was diluted 1:50 with sterile distilled water and stored at 4°C. Bacterial samples were analysed on a BD Biosciences FACSCalibur. Acquisition was performed with CellQuest™ Pro Software and based on light-scatter and fluorescence signals resulting from 15 mW laser illumination at 488 nm and 635 nm. Light scatter measurements were acquired logarithmically, while fluorescence signals were acquired either logarithmically or linearly, depending on the sample. In the case of samples containing live cells, fluorescence data were acquired logarithmically, in order to obtain a higher resolution for low signal intensities; for fixed cells analysis, all fluorescence data were acquired linearly. Signals corresponding to forward and side scatter (FSC and SSC) and fluorescence were accumulated, the fluorescence signal (pulse area measurements) was screened by a FL-4 (661 nm) bandpass filter. Threshold levels were empirically set on SSC to further reduce electronic and small particle noise. The flow cytometer was routinely operated at low flow rate setting (12 µL sample/minute), and data acquisition for a single sample typically took 20-30 min. E. coli cells were gated according to FSC/SSC parameters. Data analysis was performed using FCS Express version 3 Research Edition (De Novo Software™, Los Angeles, USA).
Confocal microscopy E. coli suspensions were deposited in poly(D-lysine)-coated coverslips previously placed in the wells of a 12-well polystyrene plate. The plates were incubated at 37°C for 45 min to allow the adhesion of E. coli cells to the coverslips. The plates were then washed with PBS buffer and fixed for 10 min at room temperature using 4% paraformaldehyde solution. The plates were washed with PBS buffer and permeabilized for 5 min at room temperature using 1% Triton X-100 solution. The plates were washed with PBS buffer and a 7.5 µM DRAQ5 solution was added to the wells. The plates were then incubated at 37°C for 30 min. The plates were washed with PBS buffer and a 6 µg/mL Fluorescein 5(6)-isothiocyanate (FITC, Sigma-Aldrich) solution was added to the wells in order to stain whole cells. The plates were then incubated at 37°C for 30 min; afterwards, cells were washed twice and the coverslips were mounted onto glass slides. These slides were then examined under a confocal microscope (x60) in a Olympus FluoView FV10i confocal microscope using the FluoView Ver.2.0b Software.
Results
DRAQ5 staining of live E. coli cells
When E. coli cells were incubated with 1 µM DRAQ5 in PBS buffer supplemented with 4 mM EDTA (pH 7.4), the percentage of DRAQ5 stained cells reached a plateau after an incubation time of 30 min (Fig. 1a) . Incubation of E. coli cells with DRAQ5 caused, however, a reduction in bacterial viability. When E. coli cells were incubated in PBS buffer supplemented with 4 mM EDTA (pH 7.4) without the addition of DRAQ5, as incubation time increased, bacterial viability decreased; between 15 and 30 min of incubation, a plateau of stained cells was observed (Fig. 1b) . When a similar E. coli suspension was incubated under the same conditions but with the addition of 1 µM DRAQ5, the behaviour of the cell population was similar to that observed without the addition of DRAQ5 but with a concomitantly higher decrease in bacterial viability (Fig. 1b) . When E. coli cells were incubated with increasing concentrations of DRAQ5 ranging from 1 to 10 µM, the percentage of DRAQ5 stained cells reached a plateau at a concentration of 5 µM (Fig. 1c) . As DRAQ5 concentration increased from 1 to 10 µM, bacterial viability decreased to almost four times less with the highest DRAQ5 concentration used (Fig. 1d) . As DRAQ5 concentration increased, the percentage of stained cells also increased, reaching a maximum of 93% at a concentration of 10 µM (Fig. 1c) .
Flow cytometric comparison of cell fixation protocols
Since DRAQ5 seems to alter the morphology of live E. coli cells and does not stain all the population, we investigated DRAQ5 labelling of fixed cells.
Glutaraldehyde and ethanol are two common fixatives for use in bacterial intracellular component measurements. Despite resulting in very similar populations in terms of light scatter measurements, these two fixatives exhibited very different patterns of fluorescence in the FL4 channel. Ethanol-fixed cells exhibited low fluorescence in the FL4 channel (Fig. 2c) , while glutaraldehyde-fixed cells exhibited a mild background fluorescence in the same channel (Fig. 2d ) which can cause a poor signal to noise ratio. Attending this finding, DRAQ5 and glutaraldehyde fixation should not be used concomitantly.
Labelling specificity of DRAQ5
In order to demonstrate bacterial DNA specificity of DRAQ5, cells were treated with DNase, RNase and with both these enzymes previously to DRAQ5 labelling. The analysis of light scatter parameters showed that DNase and RNase treatments were effective as indicated by the decrease in forward and side scatter parameters (data not shown). Despite the fact that DNase treatment yielded a higher FL4 channel fluorescence comparing to treatment with both enzymes, the two histograms were very similar ( Fig. 3b and c) to the non-stained population (Fig. 3a) . RNase treatment yielded a similar FL4 channel fluorescence distribution when compared to E. coli cells without treatment ( Fig. 3d and e) ; nevertheless, RNase-treated cells exhibited peaks with lower CV and lower mean fluorescence intensity.
The fact that this stain is DNA-specific is further supported by the microscopic evaluation of DRAQ5 and FITC stained E. coli cells where DRAQ5-stained E. coli chromosomes could be observed (Fig. 3f ).
DRAQ5 labelling of ethanol-fixed E. coli cells
When ethanol-fixed E. coli cells were incubated with serial DRAQ5 concentrations, the fluorescence distribution histograms for DRAQ5 concentrations ranging from 5 to 10 µM were very similar (Fig. 4) . In order to establish an optimal stain concentration, the mean and median fluorescence intensity values were determined. The analysis of the fluorescence intensity values (62.32) and peak CV values (32%) showed that the optimal dye concentration was reached at 7.5 µM DRAQ5. At concentrations of 5 µM and 10 µM the fluorescence intensity values were lower (56.10 and 57.97, respectively) with higher peak CVs (33% and 34%).
E. coli cell cycle analysis with DRAQ5
Ethanol-fixed E. coli cells stained with DRAQ5 exhibited a broad fluorescence distribution (Fig. 5) , possibly due to population heterogeneity, which did not allow visualizing peaks corresponding to fully replicated chromosomes. In order to evaluate the ability of DRAQ5 to resolve ploidy, cells were incubated with rifampicin and cephalexin. The analysis of fluorescence distribution showed that fluorescence peaks were sharper and with lower peak CV values (approximately 14%) in treated cells comparing to nontreated cells (32%). When observing the fluorescence distribution histograms resulting from this incubation, two peaks were identified (Fig. 5) . The mean fluorescence intensity value of the first peak was approximately 24 units and the mean fluorescence intensity of the second peak was approximately 48 units (Fig. 5) , what indicated that these peaks probably corresponded to peaks of cells containing one or two chromosome equivalents. The analysis of treated samples taken from the fermentation at regular time periods showed that the percentage of cells with two chromosome equivalents decreases throughout fermentation time from 30% at 4 h of growth to about 15% at 9 h of growth, leading to an increase of cells with only one chromosome equivalent in the late-exponential and stationary phases of growth.
Discussion
DRAQ5 has been shown to be able to stain live and fixed eukaryotic cells [19] [20] [21] and live Gram-positive bacteria [22, 23] . In this work, the ability of DRAQ5 to stain live and fixed samples of the Gram-negative bacteria E. coli was investigated. As DRAQ5 also proved to be useful in the analysis of the eukaryotic cell cycle [16] , it was also studied in addition whether it could resolve bacterial cell cycle phases.
The incubation buffer of choice for live cell staining was PBS supplemented with EDTA in order to permeate the outer cell membrane, thus facilitating the uptake of DRAQ5. The use of this incubation buffer caused a reduction of bacterial viability that could result from the destabilizing effect of EDTA in the bacterial outer membrane [24] . The addition of DRAQ5 to E. coli cells resulted in a decrease in viability when compared with cells without DRAQ5 addition. This fact can be due to changes in chromatin structure and impairment of cell cycle progression [25] since, like other DNA fluorescent stains, DRAQ5 is a DNA intercalating agent. The percentage of DRAQ5-labelled live E. coli cells remained almost unaltered following different incubation periods, indicating that DRAQ5 is a time-independent stain and, probably, it is not pumped out from the cells. However, when analysing bacterial viability, the results showed that viability only remained unaltered between 15 and 30 min incubation time, which lead to the choice of an incubation period of 30 min. DRAQ5-labelling of live E. coli cells proved to be effective at a concentration of 5 µM, yielding about 93% of stained cells. Increasing DRAQ5 concentrations caused a significant decrease in the viability of E. coli population. In order to obtain higher staining percentage, we tested several incubation buffers with EDTA concentrations up to 10 µM. However, higher staining percentages were not obtained, resulting in a decrease in bacterial viability (data not shown). The inability to stain 100% of the cells may be due to the fact that the E. coli population probably contained ghost-cells that are not stained with DRAQ5. The results obtained suggest that an optimized protocol for DRAQ5-labelling of live cells should involve the incubation of 1×10 6 cells/mL with 5 µM DRAQ5 in PBS buffer supplemented with EDTA (pH 7.4) during 30 min at 37°C. DRAQ5 proved to be specific for bacterial DNA, since DNase treatments yielded a fluorescence distribution similar to that obtained with no DRAQ5 labelling while RNase treatment yielded a fluorescence distribution similar to that of DRAQ5 labelling. Nonetheless, DRAQ5 revealed a weak fluorescence when bound to bacterial RNA.
For DRAQ5 labelling of fixed E. coli cells, ethanol should be preferred as fixative in detriment of glutaraldehyde, due to the absence of positive fluorescence in the FL4 channel. The titration of fixed E. coli cells (1×10 6 cells/ mL) with different DRAQ5 concentrations showed that an optimal dye concentration could be achieved with 7.5 µM, based on the values of fluorescence intensity and peak CVs obtained. Cell number Some authors have described the use of Hoechst 33342 UV-fluorescent stain to assess bacterial cell cycle phases [26] . However, UV radiation causes damages in cellular DNA [27] and benchtop flow cytometers with a UV laser are uncommon in a research laboratory. For these reasons, we further investigated the ability of DRAQ5 to resolve bacterial DNA content. The fluorescence distribution histograms obtained with rifampicin plus cephalexin treated E. coli cells showed two peaks, corresponding to one or two chromosome equivalents, attending to the mean fluorescence values of those peaks. The results obtained demonstrated that this E. coli strain, in the conditions mentioned, has a eukaryotic-like cell cycle, since the cells only possessed one or two chromosome equivalents [28] .Similar cell cycle analysis has already been described for other E. coli K-12 derivatives [29] in slowly-growing cultures using other fluorescent stains [17] . Furthermore, the increase in the population of cells with only one chromosome equivalent in late-exponential and stationary phases of growth is in agreement with proposed models of bacterial growth [30] .
Conclusion
The results of this study suggest that DRAQ5 can be successfully used to stain a bacterial population in order to discriminate bacteria from other background particles. Moreover, it was demonstrated that DRAQ5 is able to stain bacterial DNA in ethanol-fixed E. coli cells without the need for additional laborious and expensive enzymatic treatment steps. This work showed evidence that DRAQ5 can be effectively used to monitor bacterial cell cycle since peaks of fully replicated chromosomes can be observed. In conclusion, DRAQ5 can be used alone or in combination with other commonly used fluorescent stains such as FITC or antibodies labelled with fluorescent stains, for multiparameter analysis of live and fixed Gram-negative bacterial cells. 
